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57 ABSTRACT 

Certain non-optical characteristics and, in particular, 
mechanical characteristics are not measurable in situ in the 
industrial production of layers using plasma-assisted reac 
tive electron beam vaporization, particularly if high 
demands are made on the hardness, wear resistance and 
barrier action, so as to be able to reproducibly apply the 
layers. The values of the optical layer characteristics are to 
be used as a control signal. In this method, immediately after 
the substrate has passed through the vaporizing zone, the 
reflection and/or transmission and absorption capacity are 
measured in the wavelength range A=150 to 800 nm and 
from this are determined the refractive index and optical 
absorption coefficient. These determined values are com 
pared with an experimentally determined desired value. A 
control signal obtained therefrom, in the case of a constant 
reactive gas partial pressure, controls the plasma and main 
tains constant the optical characteristics of the layer. The 
method is used in the vapor-deposition of wear-resistance, 
hard layers or barrier layers, e.g. of metal oxide on glass, 
plastic and other materials, e.g. in the building industry for 
facade glass and in the packaging industry. 

9 Claims, 2 Drawing Sheets 
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METHOD FOR PLASMA-ASSISTED 
REACTIVE ELECTRON BEAM 

WAPORIZATION 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

The invention relates to a method for plasmas-assisted 
reactive electron beam vaporization and, in particular, high 
rate vaporization, preferably for the production of wear 
resistant, hard layers and barrier layers. Such layers consist, 
e.g., of metal oxides and serve as scratch and wear protect 
ing layers on glass, plastic or other materials. They are, inter 
alia, used for facade glass and in the building industry. The 
barrier action of the layers is particularly significant in the 
packaging industry in order to make the material, e.g., 
oxygen and water vapor-impermeable. Barrier layers are 
also important for corrosion protection and are used in this 
connection. 
A basic prerequisite for the production of the layer on a 

technical scale is to ensure constant characteristics thereof 
throughout the coating time. This condition makes high 
demands on the layer vaporization method, because gener 
ally use is made of highly productive installations with a 
high travel speed and large substrate surface. Under high 
rate coating conditions, process parameter fluctuations are 
unavoidable. 

In the case of electron beam vaporization, it is known to 
monitor certain coating or layer characteristics throughout 
the vaporization period. Use is made for this purpose of 
optical characteristics, e.g. transmission and reflection, and 
also the electrical characteristics, such as conductivity, 
which can be measured in situ. It is known in this connection 
for the coated film, immediately following the vaporisation 
process, to pass through a measuring roller system. The 
measuring roller system determines the layer thickness 
distribution by measuring the electrical conductance. By 
regulating the residence times of the electron beam at 
different points of the material being vaporised, the layer 
thickness distribution is adjusted in a planned manner (see S. 
Schiller et al, Proceedings of the 2nd Int. Conference on 
Vacuum Web Coating, Fort Lauderdale, Fla. U.S.A., October 
1988). 

It is also known, for determining the optical characteris 
tics, to establish the transmission and/or reflection of optical 
layers in the wavelength range which is of interest and to 
calculate therefrom the color locus or other applicative, 
optical characteristics. Another standard method is to deter 
mine the layer thickness in situ from the transparency or 
reflection (see G. Whitehead, P. Grant, "The Optical Moni 
tor', Proc. 28th Ann. Techn. Conf. Soc. Wac. Coaters, Phila 
delphia, 1985, pp. 109-115). The refractive index can be 
determined from the measurement of the reflection and 
absorption spectra. For the aforementioned fields of use of 
the materials or substrates to be coated, significance is 
attached to the mechanical characteristics such as hardness, 
abrasion and barrier action. Numerous measuring methods 
exist for measuring in a direct manner such characteristics 
(see K. Nitzsche, "Schichtmesstechnik', VEB Deutscher 
Verlag fir Grundstofindustrie, Leipzig, 1974). However, 
such methods are not suitable for in situ measurement 
purposes. 
The mechanical characteristics are largely dependent on 

the internal layer structure and composition. In the case of 
high rate electron beam vaporization, there is no constancy 
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2 
of the indicated characteristics due to the inherent, complex 
dependence on the deposition conditions. The structure and 
composition of the deposited layers must therefore be mea 
sured and regulated in situ, at least in a direct manner, in 
order to maintain constant the requisite, mechanical char 
acteristics. 

There is therefore needed a method for plasma-assisted 
reactive electron beam vaporization with which it is possible 
to measure in situ certain non-optical layer characteristics 
and, in particular, mechanical characteristics, so as to be able 
to reproducibly apply the layers in a highly productive 
manner and with high a constancy. The values obtained in a 
known manner for the reflection and/or transmission and 
optical absorption at wavelengths of 150 to 800 nm must 
also be processed as a regulating signal. The method must in 
particular be suitable for continuous flow units for producing 
wear-resistant, hard layers or layers having a barrier action. 
Measured quantities are to be found which can be non 
destructively determined in situ. For process control pur 
poses, use is to be made of suitable and, optionally, also 
known regulating and control possibilities. 

According to the present invention, these needs are met by 
a method for plasma-assisted reactive electron beam coating 
by vaporization of substrates with hard, wear-resistant layers 
and/or layers with barrier characteristics by producing a 
controllable plasma in the process Zone between the vapor 
izing material and the substrate to be coated and the in situ 
measurement of optical characteristics. Immediately after 
the substrate has passed through the vaporizing Zone, the 
reflection and/or transmission and the absorption capacity 
are measured in the wavelength range A. 150 nm to 800 nm. 
From this measurement, the refractive index n and the 
optical absorption coefficient k are separately determined. 
These values are compared with an experimentally deter 
mined desired value. With the control signal obtained there 
from, and in the case of a constant reactive gas partial 
pressure, the parameters of the plasma are controlled in such 
a manner that the initially measured optical characteristics of 
the vapor-deposited layer are kept constant. 

It has surprisingly been found that certain non-optical 
characteristics, such as, e.g., the hardness, abrasion and 
barrier action of layers correlate with certain optical char 
acteristics, such as absorption, reflection and transmission. 
Clearly, this dependence is due to the fact that changes in the 
packing density, the chemical composition and the binding 
states act in the same direction in mechanical and barrier 
characteristics and also in optical characteristics. It has been 
found that the tolerance limits of the mechanical and barrier 
characteristics are always respected if the optical character 
istics are kept constant within certain tolerance limits. For 
this purpose, the refractive index n and absorption coeffi 
cient k are monitored. It has also been found that in the case 
of such plasma-assisted reactive processes apart from many 
other parameters, which must be experimentally determined 
and kept constant, the reactive gas partial pressures and 
plasma parameters have a considerable influence on these 
characteristics. An important part, in connection with the 
layer formation process, is played by the reactivity and 
formation enthalpy of the chemical compound, as well as the 
dissociation capacity in the case of electron beam vaporiza 
tion. It is fundamentally possible to regulate the reactive gas 
partial pressure or plasma parameters as a function of the in 
situ measured values n and k in order to obtain the layer 
characteristics. It has been found that the effectiveness of the 
selected regulating or control process is dependent on the 
layer system. Thus, e.g., when depositing SiO, layers, a 
regulation of the partial pressure of the reactive gas is 
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particularly effective for obtaining constant barrier charac 
teristics. However, in the deposition of aluminum oxide, the 
regulation of the plasma parameters has proved advanta 
geous in order to ensure the necessary mechanical proper 
ties, such as hardness and abrasion. 
The determination of the refractive index n and the 

absorption coefficient kis, however, not technically possible 
in the vicinity of the plasma area and therefore in a direct 
manner during layer formation in the case of high rate 
vaporization. This naturally leads to a time lag between layer 
formation and the determination of n and k. Thus, as a result 
of this time lag, a given basic stability of the entire vapor 
ization process is necessary in order to ensure that the layer 
characteristics do not exceed the requisite tolerances. The 
necessary plasma excitation can take place in a known 
manner inter alia by ion sources or by electron impact 
determined low pressure plasmas. The prerequisite for an 
effective control of the reactive gas partial pressure is the 
keeping constant of the plasma excitation during the coating 
process. Various control methods are known for keeping the 
plasma parameters constant and are based on the measure 
ment of the plasma parameters, e.g. by means of probes or 
optical emission spectroscopy. For solving the present prob 
lem, the measurement of the optical plasma emission has 
proved particularly advantageous. 
When regulating the plasma parameters as a function of n 

and k, the reactive gas partial pressure must be kept constant. 
For this, it is possible to regulate the reactive gas flow or the 
suction capacity of the pumps as a function of the reactive 
gas partial pressure. 

Other objects, advantages and novel features of the 
present invention will become apparent from the following 
detailed description of the invention when considered in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of an electron beam 
vaporizer for coating plate-like substrates; and 

FIG. 2 is a schematic diagram of an electron beam 
vaporizer for coating plastic films. 

DETAILED DESCRIPTION OF THE 
INVENTION 

An axial electron gun 2 with a beam guidance system is 
attached to the vaporizing chamber 1 via a flange. The 
electron beam 3 produced with the electron gun 2 strikes the 
surface of a vaporization material 4 accompanied by a 
programmed deflection and produces a high vapor pressure 
in a process Zone 5 (vaporization zone) between the surface 
of the material 4 and a plate-like substrate 6 to be coated by 
the vaporization and positioned above the material 4. 
The capacity of the electron gun 2 is 40 to 50 kW. The 

vaporization material 4 located in a vaporizing crucible 7 is 
constituted by an aluminium oxide (Al2O). A plasma source 
8 is located between the vaporizing crucible 7 and the 
substrate 6 and is used for vapor excitation. The plasma 
source 8 is controlled by a plasma generator 9. The convey 
ing speed of the substrate is approximately 1 m/s. The 
substrate movement takes place via the inlet lock 10 through 
the vaporizing chamber 1 to the measuring chamber 11 from 
which the substrates 6 are discharged again in known 
2. 

The object of the vaporizing process is the deposition of 
a layer 12 on the substrate 6 with a "static' deposition rate 
of 0.5 um/s. The layer 12 must have a high hardness and 
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4 
abrasion resistance. In technical operation without process 
control, it is unavoidable that numerous disturbance vari 
ables will-lead to instabilities of the process and therefore to 
the divergence of the layer characteristics from the sought 
parameters for the layer 12. Such disturbance variables are 
the vaporization process itself, the stability of plasma exci 
tation, and the influencing of the vapor during propagation 
in the process zone 5. The disturbances have not been 
completely explained and largely cannot be influenced. In 
the presentaluminium oxide vaporization process, e.g., local 
craters occur on the surface of the vaporization material 4. 
Violent gas escapes are also observed during the dissociation 
of the vaporization material 4, which lead to vapor propa 
gation problems. The coating of the complete process Zone, 
as well as the plasma source 8 located therein, cannot be 
avoided and leads to long-term drifts of different, not 
separately determinable vaporizing parameters and, there 
fore, to undesired changes in the layer characteristics, 
The method according to the present invention aimed at 

producing layers with constant mechanical characteristics, 
such as hardness and abrasion, is performed with the appa 
ratus described hereinafter. Using a sensor 13 located in the 
measuring chamber 11, the transmission spectra of the layer 
12 are recorded in a wavelength range of 200 to 800 nm. In 
a known evaluating unit 14, the absorption coefficient k and 
refractive index n are determined from the measured spectra 
and the mechanical hardness and abrasion resistance are 
derived from the previously experimentally determined con 
nections. These values are supplied to a controller 15 and are 
compared with predetermined desired values therein using 
systems known perse. The desired values have been deter 
mined experimentally and represent the requisite abrasion 
resistance and hardness of the vapor-deposited aluminium 
oxide layer 12 on the substrate 6. On the basis of the 
comparison of these values, a control signal is formed and 
passed to the plasma generator 9. The generator 9, as a 
function of the control signal, influences the plasma source 
8 for modifying the plasma parameters. 

In the case of a spacing of 3 m between the center of the 
process zone 5 and the sensor 13 in the measuring chamber 
11, and a conveying speed of 1 m/s, there is a time lag of 
approximately 3 s between layer deposition and the mea 
surement of the characteristics. This arrangement requires a 
basic stability of the coating process over periods greater 
than 3 s. To achieve this, use is made of a further sensor 16 
and a partial pressure regulator 17 to keep constant the 
reactive gas partial pressure over the gas inlet 18. When 
using this method, under the given process conditions, 
tolerances for the hardness oftl0% and for the abrasion of 
+20% are obtained. 
The apparatus according to FIG. 2 is used for coating 

films 19 by vaporization, such as polyester films. Vaporiza 
tion takes place according to the known "internal' passage 
principle, the apparatus being a batch unit. Located in the 
upper part of the vaporizing chamber 1 in a known manner 
and separated by a partition 20 are the wind-in device 21 and 
wind-off device 22 for the film 19. The film 19 runs over a 
cooling roller 23. Attached via a flange to the vaporizing 
chamber 1 is the electron gun 2, whose electron beam 3 is 
deflected in a programmed manner onto the vaporizing 
material 4. The vaporizing material 4 is a tube of silicon 
dioxide (SiO) which is constantly rotated about its longi 
tudinal axis. The capacity of the electron gun 2 is between 
25 and 30 kW. The plasma source 8 is located between the 
vaporizing material 4 and the film 19 and is used for exciting 
the vapor. The plasma source 8 is controlled using the 
plasma generator 9. The conveying speed of the film 19 is 4 
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m/s. The movement of the film 19 from the wind-off device 
22 takes place through the process Zone 5 to the wind-on 
device 21. The goal of the electron beam vaporization is to 
deposit a SiO, layer 12 on the film 19 with a static deposition 
rate of 800 nm/s. The layer 12 must have high barrier 
characteristics for oxygen and water vapor. During the 
vaporization process, similar instabilities occur to those 
described in conjunction with the first embodiment of FIG. 
1. 

Using this apparatus, the method of the present invention 
is performed in the following manner. Using the sensor 13 
in the upper part of the vacuum chamber 1 in the vicinity of 
the coated film 19, the reflection spectra of the layer 12 are 
recorded in a wavelength range of 180 to 600 nm. In the 
evaluation unit 14, the absorption coefficientk and refractive 
index n are determined from the measured spectra and the 
barrier characteristic of the layer 12 is derived therefrom. 
The determined value is supplied to the controller 15 and 
compared herein with the desired value. The desired value 
has been established experimentally and represents the req 
uisite barrier characteristic of the vapor-deposited silicon 
dioxide layer 12 on the film 19. From a comparison of these 
values, a control signal is formed which controls the reactive 
gas flow via the gas inlet 18. The reactive gas partial 
pressure is influenced as a function of this control signal. In 
the case of a spacing of approximately 1 m between the 
process Zone 5 and the area in which the sensor 13 is located, 
there is a time lag between layer deposition and the mea 
surement of characteristics of approximately 250 ms. This 
arrangement requires a basic stability of the coating process 
of >250 ms. In order to achieve this, with a further sensor 16 
located in the vicinity of the plasma source 8, the intensity 
of the excited plasma is measured and with the aid of the 
plasma generator 9 and the integrated controller is kept 
constant in a known manner. Under the given process 
conditions, the use of this method leads to an improvement 
of the barrier characteristic of a factor of 100 in a repro 
ducible manner compared with the uncoated film 9. 

Although the invention has been described and illustrated 
in detail, it is to be clearly understood that the same is by 
way of illustration and example, and is not to be taken by 
way of limitation. The spirit and scope of the present 
invention are to be limited only by the terms of the appended 
claims. 
What is claimed is: 
1. A method for coating a substrate with a layer having 

defined mechanical characteristics by plasma-assisted reac 
tive electron beam vaporization producing a controllable 
plasma in a process zone between a vaporizing material and 
the substrate so as to deposit a coating layer on said 
substrate, and providing in situ measurement of optical 
characteristics of the coating layer deposited on the sub 
strate, the method comprising the steps of: 

experimentally determining a correlation between optical 
characteristics and mechanical characteristics of the 
coating layer; 

measuring in a wavelength range A=150 nm to 800 nm 
at least one of a reflection, transmission and absorption 
capacity of the coating layer on the substrate immedi 
ately after the substrate passes through a vaporizing 
Zone: 

separately determining from said measuring step a refrac 
tive index n and an optical absorption coefficient k; 

deriving initial mechanical characteristics of the coating 
layer corresponding to said index n and said coefficient 
k; 
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6 
comparing said derived initial mechanical characteristics 

with the defined mechanical characteristics to obtain a 
control signal; and 

using the control signal to control operating parameters of 
the plasma in a case of a constant reactive gas partial 
pressure in such a manner that said measured optical 
characteristics of the coating layer are maintained con 
stant to achieve the defined mechanical characteristics, 
and in a case of constant plasma parameters, using the 
control signal to control the reactive gas partial pres 
sure in such a manner that the measured optical char 
acteristics of the coating layer are kept constant to 
achieve the defined mechanical characteristics. 

2. Method according to claim 1, wherein for ensuring a 
fundamental stability of a plasma generating source, an 
intensity of a plasma emission in the process Zone is 
measured and an operation of the plasma generating source 
is regulated by regulating one of an electric power and gas 
flow. 

3. Method according to claim 1, wherein the reactive gas 
partial pressure is regulated by regulating a reactive gas 
flow. 

4. Method according to claim 1, wherein the reactive gas 
partial pressure is regulated by regulating a suction capacity 
of a vacuum pump. 

5. A method according to claim 1, wherein the mechanical 
characteristics are related to at least one of a hardness, a 
wear-resistance, and a barrier action of said coating layer. 

6. A method according to claim 1, further comprising the 
step of using one of a glass material and a plastic material 
as said substrate. 

7. A method according to claim 1, further comprising the 
step of operating said plasma-assisted reactive electron 
beam vaporization at a coating rate of 0.5 m/s. 

8. A method according to claim 1, further comprising the 
step of operating said plasma-assisted reactive electron 
beam vaporization at a coating rate of about 800 nm/s. 

9. A method for coating a substrate with a wear-resistant 
layer and/or a layer with barrier characteristics by plasma 
assisted reactive electron beam vaporization producing a 
controllable plasma in a process zone between a vaporizing 
material and the substrate to be coated, and providing in situ 
measurement of optical characteristics of the coating layer 
deposited on the substrate, the method comprising the steps 
of: 

measuring in a wavelength range A=150 nm to 800 nm 
at least one of a reflection, transmission and absorption 
capacity of the coating layer on the substrate immedi 
ately after the substrate passes through a vaporizing 
ZOne, 

separately determining from said measuring step a refrac 
tive index n and an optical absorption coefficient k, 

comparing said values n and k with an experimentally 
determined value corresponding to a predetermined 
wear-resistant layer and/or a predetermined layer with 
barrier characteristics to obtain a control signal; and 

using the control signal to control operating parameters of 
the plasma in a case of a constant reactive gas partial 
pressure in such a manner that said measured optical 
characteristics of the coating layer are maintained con 
stant, and in a case of constant plasma parameters, 
using the control signal to control the reactive gas 
partial pressure in such a manner that the measured 
optical characteristics of the coating layer are kept 
Constant. 


